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Abstract
Based on the assumptions of the standard model of cosmology, a phase transition asso-
ciated with chiral symmetry breaking after the electroweak transition has occurred at
approximately 10µ seconds after the Big Bang to convert a plasma of free quarks and
gluons into hadrons. We consider such a phase transition in the context of a deformed
Horava-Lifshitz cosmology. The Friedmann equation for the deformed Horava-Lifshitz
universe is obtained using the entropic interpretation of gravity, proposed by Verlinde.
We investigate the effects of the parameter ω appearing in the theory on the evolution of
the physical quantities relevant to a description of the early universe, namely, the energy
density and temperature before, during and after the phase transition. Finally, we study
the cross-over phase transition in both high and low temperature regions in view of the
recent lattice QCD simulations data.
1. Introduction
The concept of gravity as a fundamental interaction has been under scrutiny ever since
the seminal work of Sakharov [1], the so called induced gravity, suggesting that the space-
time background emerges as a mean field approximation to the underlying microscopic
degrees of freedom [2]. Some years later, the four laws of black hole thermodynamics
[3] were discovered and the entropy law was gradually extended to explain more general
systems, known today as the holographic principle [4]. The strongest evidence of the
holographic principle was provided by the AdS/CFT correspondence which states that
all information about a gravitational system in a region of spacetime is contained in
its boundary [5]. The relation between gravity and thermodynamics was studied in [6]
where it was argued that the Einstein field equations is a consequence of the relation
between the horizon area, entropy and the Clausius relation δQ = Tds, where δQ and T
are the energy flux and Unruh temperature seen by an accelerated observer just inside
the horizon. A number of different approaches were subsequently followed where the
emphasis was on the close connection between Einstein gravity and thermodynamics [7],
[8] and [9]. Along this line, a suggestion has been made in the recent past by Verlinde
[10] to the effect that gravity can be considered as an entropic force caused by changes
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in the information related to the positions of material bodies. This idea implies that
gravity is not a fundamental force and, somehow, has its roots laid out in the work
presented in [1] more than forty years ago. In addition, to understand the universe at
its earliest moments, a quantum theory of gravity should be constructed for which all
attempts have been fruitless so far. Therefore the idea of an entropic force is interesting
since it could be instrumental in explaining the origin of gravity and its unification with
quantum theory. The spacetime can be considered as an information device built up of
holographic screens or surfaces over which the the system’s information can be stored.
The screens or surfaces behave like stretched horizons in black hole physics. The infor-
mation on such screens is described by the entropy and is encoded in terms of the number
of bits which, naturally, are proportional to the area of the screen [3]. In [12] the author,
using the Verlinde’s idea describes the Coulombs law in the framework of the entropic
force. In [13], the authors argue that the entropic formulation provides new insights
into the quantum nature of the inertia and gravity. They use the entropic postulate to
determine the quantum uncertainty in the law of inertia and the law of gravity in both
non-relativistic and relativistic cases. As discussed in [14] the entropic gravity cannot
explain observations related to the gravitationally-bound quantum states of neutrons in
the GRANIT experiment. Later, a careful analysis [15] showed that such analysis is not
correct [16].
It is a well known fact that the biggest challenge towards a theory of quantum gravity
is the question of renormalizability whose lack, in effect, would imply loss of theoretical
control and predictability at high energies. Many attempts have been made in the past
decades to address this question, but to no avail. However, a recent proposition made
by Horava suggests that a Lifshitz type anisotropic scaling at high energies can be used
to evade this difficulty [17, 18]. This theory, known as Horava-Lifshitz gravity, was
motivated by a scalar field model proposed by Lifshitz [19] to explain the quantum critical
phenomena in condensed matter physics where the corresponding action possesses z = 2
scale-invariance where z represents the dynamical critical exponent given by
t→ ℓzt, xi → ℓxi. (1)
The theory thus obtained is non-relativistic in the UV limit and is hoped to be UV finite.
Horava has argued that it is superficially renormalizable based on power counting and
may lead to Einstein’s general relativity in the IR region. Therefore, it may be regarded as
a UV complete candidate for general relativity. Although the gravity action of the Horava
theory with the detailed balance condition recovers GR in the IR limit, its solutions may
not do so. For example the authors in [26] have studied thermodynamics of black holes
in the deformed HL gravity with a dynamical coupling constant λ and showed that for
λ = 1, the black hole behaves like a Reissner-Norstrom black hole which is different from
the Schwarzschild black hole solution obtained in Einstein gravity. However, in [27] the
authors studied a particular limit of the theory which admits flat Minkowski vacuum
and discussed the quadratic fluctuations around it. They showed that by adding a term
proportional to the spatial three-curvature 3R to the action, the IR modification can be
recovered which allows for the flat minkowski vacuum as a solution. In this way, the
spherically symmetric, asymptotically flat black hole solution is constructed in GR. We
note that the IR vacuum of Horava theory is an anti de Sitter (AdS) spacetime. In order
to achieve a more desirable IR behavior without discarding the simplicity provided by the
detailed balance condition in the UV limit, a non-trivial test of the new gravity theory
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in a FRW universe was studied by introducing the µ4 3R term in the second reference
in [27]. By taking the Λw → 0 limit and considering an IR modification which breaks
“softly” the detailed balance condition in the original Horava model, the IR modified
Horava gravity seems to become consistent with the current observational data.
The main purpose of this paper is devoted to the study of QCD phase transition in the
context of deformed HL gravity from the point of view of the entropic force, introduced
by Verlinde to study the early universe. The standard model of cosmology suggests that
as the early universe expanded and cooled, it underwent a series of symmetry-breaking
phase transitions, causing topological defects to form. It is the study of such phase
transitions that would pave the way for a better understanding of the evolution of the
early universe, characterized by the existence of a quark-gluon plasma undergoing a phase
transition [29]. During the evolution of the very early universe there have been at least
two phase transitions. The electroweak theory predicts that at about 100GeV there was
a transition from a symmetric high temperature phase with massless gauge bosons to the
Higgs phase, where the SU(2) × U(1) gauge symmetry is spontaneously broken and all
the masses in the model are generated. Also, quantum chromodynamics (QCD) predicts
that at about 200MeV there was a transition from a quark-gluon plasma to a plasma
of light hadrons, which is thought to have occurred early in the history of the universe.
The taking place of this phase transition is dated back to a few microseconds after the
Big Bang for which the universe had a mean density of the same order as nuclear matter
(ρ ∼ 1015 grcm3 ). In what follows we focus attention on possible scenarios which might
have occurred to allow such a phase transition to come to the fore. We generally follow
the discussion presented in [30] and [31] which puts the quark-gluon phase transition in
a cosmologically transparent perspective.
The study of a phase transition in the early universe requires a knowledge of the equa-
tion of state (EoS) which plays an essential role in the hot, strongly interacting matter
and in the hydrodynamic description of heavy ion collisions [7, 33, 10]. Generally, for a
description of the collective flow in heavy ion collisions, model theories have been con-
structed with an EoS representing a first order phase transition. However, lattice QCD
calculations suggest that the transition to the de-confined phase is that of a crossover.
The EoS is not only of theoretical interest, but is directly applicable to the dynamics
of the quark-gluon plasma (QGP), whether in the context of interpreting the results
of heavy-ion experiments or modeling the behavior of hot, dense matter in the early
universe [34].The possibility of a phase transition in the gas of a quark-gluon bag was
demonstrated for the first time in [32]. The mechanism responsible for a first-order phase
transition has been elegantly discussed in [31]. Attempts to calculate the EoS on the lat-
tice have been made over the last 20 years [35]. As is well known, calculating the equation
of state of QCD is one of the central goals of lattice simulations at finite temperature
[36]. Lattice QCD is a fundamental tool which makes a systematic study of the non-
perturbative regime of the QCD equation of state possible. For a comparison of lattice
calculations of the EoS with continuum perturbation theory or models like the MIT bag
EoS, it is necessary to remove the lattice artifacts. This approach using supercomputers
[37] has led to the calculation of the QCD equation of state with two light quarks with a
heavier strange quark on a (Nτ = 6× 323) size lattice [38, 39, 36, 40, 41, 42, 43, 44, 45].
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2. Friedmann equation in deformed Horava-Lifshitz gravity in the context of
entropic force
In this section, we study the Friedmann equation in deformed HL gravity in the
framework of the entropic force. Let us start with a (3+1)-dimensional FRW universe
which is described by the metric
ds2 = −dt2 + a(t)2
[
dr2
1− kr2 + r
2dΩ22
]
, (2)
where k denotes the spatial curvature constant with k = −1, 0, 1 corresponding to a
closed, flat and open universe, respectively with dΩ22 representing the two-sphere. Intro-
ducing r˜ = a(t)r, the metric (2) becomes
ds2 = habdx
adxb + r˜2dΩ22. (3)
with x0 = 0, x1 = r and hab = diag
(
−1, a21−kr2
)
. A marginally trapped surface with
vanishing expansion for a dynamical apparent horizon is determined by the relation
hab∂ar˜∂br˜ = 0, implying that the vector ∇r˜ is null or degenerate on the apparent horizon
surface [47]. It is now a matter of a simple calculation to show that the dynamical
apparent horizon, r˜A, is given by
r˜A =
c√
H2 + ka2
, (4)
where H = a˙a is the Hubble parameter and c is the speed of light. Now, suppose that
the energy-momentum tensor Tµν of the matter in the universe has the form of a perfect
fluid Tµν = (ρ + p)uµuν + pgµν , with uµ = −δtµ where ρ, p and uµ are the energy
density, isotropic pressure and four-velocity of the cosmological fluid, respectively. The
matter conservation law, ∇µT µν = 0, leads to
ρ˙+ 3H(ρ+ p) = 0, (5)
In an interesting work [48] it has been shown that the Friedmann equation can be
derived from the first law of thermodynamics, see [49, 50, 51] for further details. It is
thus of interest to obtain the modified Friedmann equation in deformed HL gravity in
the context of the entropic force. To begin we note that the temperature associated with
apparent horizon can be defined as T = K2π , where K is the surface gravity given by
K = 1√−h∂µ(
√−hhµν∂ν r˜). It can subsequently be shown that the temperature of the
apparent horizon can be written as [46]
T =
~c
2πkB r˜A
. (6)
One of the quantum corrections applied to the horizon area law of a black hole is the
logarithmic correction that arises from loop quantum gravity (LQG) due to thermal
equilibrium fluctuations and quantum fluctuations. As a result, the entropy is written
as [52]
S =
kBAc
3
4G~
+
kBα
4
ln
(
Ac3
G~
)
, (7)
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where the geometric parameter α is a dimensionless constant of order unity whose exact
value is still a puzzle in LQG. It is clear that if α = 0, then the entropy expression reduces
to Schwarzschild’s entropy, S = A4ℓ2p
where ℓ2p =
G~
c3 is the Planck length. The geometric
parameter α has a direct relation to gravity and therefore by applying the logarithmic
corrections to the entropy of black holes in the deformed HL gravity one has [26, 28]
S =
kBAc
3
4G~
+
kBπ
ω
ln
(
Ac3
G~
)
. (8)
One notes that in HL theories α is proportional to ω−1 where ω is a dimensionless
constant parameter of the theory. One also notes that for ω → ∞ we discover the
entropy as obtained in Einstein gravity.
Verlinde [10] made an interesting suggestion that gravity may be regarded as an
entropic force caused by changes in the information associated with the positions of
material bodies. Such a strong assumption together with the holographic principle and
the equipartition law of energy, enabled Verlinde to obtain the second law of Newtonian
mechanics and the Newtonian law of gravitation. Verlinde postulated that when a test
particle with mass approaches a holographic screen from a distance ∆x, the change of
entropy on the holographic screen is
∆S = 2πkB
∆x
lc
(9)
where lc =
~
mc is the Compton wavelength. Thus, the Compton wavelength defines the
units of the entropy change. From this relation we realize that when a test particle which
has mass m and is located at the distance ∆x from the holographic surface moves to the
immediate vicinity of the surface, it causes a change of entropy ∆S of the holographic
screen. In effect, this means that the particle is embedded into the surface and becomes
part of the information and energy on the screen. According to Verlinde’s argument,
gravity arises from the entropic gradient △S over the spatial region △x via the first law
of thermodynamics
F = T
△S
△x , (10)
where T is the temperature of the screen and F is the so-called entropic force. Originally,
the starting point of Verlinde’s derivation was an assumption that the holographic screen
forms a sphere with radius r. It is also known that a sphere with area A acts as a storage
device for information, that is
N =
Ac3
G~
. (11)
Verlinde then argued that the energy E of a system is the rest energy E = Mc2 of the
mass inside the sphere and that the energy is divided evenly over the bits, N
E =
1
2
NkBT. (12)
It is now seen that if we insert the relation E = Mc2 in equation (12) with thermody-
namical equilibrium in mind, that is, T = TU and use the Unruh effect [11] given by
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TU =
~a
2πkB
where a is the proper acceleration of the observer and also use the fact that
the area of a two-sphere with radius r is A = 4πr2, we find
F = G
mM
r2
, (13)
which is Newton’s universal law of gravitation. A very similar derivation of equation
(13) was also discovered by Padmanabhan [53]. Using the entropy of a black hole which
is a quarter of the area of the event horizon [60], one may write
N =
4S
kB
. (14)
Plugging equation (8) in equation (14), we obtain the total number of bits for the HL
gravity in the form
N =
Ac3
G~
+
4π
ω
ln
(
Ac3
G~
)
. (15)
The Friedmann equation may also be reproduced from this entropic force method. In
the context of the entropic force, the energy E for a thermodynamic system is defined by
the number of bits on the holographic screen by the equipartition law E = 12NkBT with
T the temperature of the holographic screen. Here, we choose the apparent horizon to be
the holographic screen. So the temperature T is that of the apparent horizon. Therefore
dE from the equipartition law becomes
dE =
1
2
NkBdT +
1
2
kBTdN =
8πG~+Aωc3 − 4πG~ ln(Ac3G~ )
4A3/2
√
πG~ω
cdA. (16)
Also, the amount of energy crossing the apparent horizon during the time interval dt is
defined as [48]
dE = −A(ρ+ p)Hr˜Adt. (17)
From equations (16) and (17), we have[
8πG~+Aωc3 − 4πG~ ln
(
Ac3
G~
)]
dr˜A = 16π
2cGωr˜5A(ρ+ p)Hdt. (18)
After some algebra we find
G~
2ωc5
(
H2 +
k
a2
)2 [
4− 2 ln
(
4πc5
G~
(
H2 + ka2
)
)]
+
(
H2 +
k
a2
)
=
8πρ
3
. (19)
Equation (19) is the modified Friedmann equation from the entropic force which is more
complicated compared to the standard Friedmann equation. The above equation can
rewritten in a more manageable form, see the second reference in [46]
1
2ω
(
H2 +
k
a2
)2
+
(
H2 +
k
a2
)
=
8πρ
3
. (20)
As expected, setting ω → ∞, we see that the first term in equation (19) vanishes and
the standard Friedmann equation is recovered. Here ρ is the total energy density, k is
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the spatial curvature of the universe, H = a˙a is the Hubble parameter and a is the scale
factor. Equation (20) is a second degree equation in (H2 + ka2 ) with a solution(
H2 +
k
a2
)
= ω
(
−1 +
√
1 +
16π
3ω
ρ
)
. (21)
where we have set ~ = c = G = kB = 1. From equation (21) one notes that according to
the entropic interpretation of the force of gravity, the term H2 is proportional to
√
ρ.
3. Quark-hadron phase transition
When the Hubble radius was around 10km and the universe was about t ∼ 10−5s old,
the last phase transition predicted by the standard model of particle physics took place
at the QCD scale T ∼ 200 MeV. In order to study the quark-hadron phase transition in
the deformed Horava-Lifshitz gravity theory we need the equation of state of the matter,
in both quark and hadron states. We shall use the simplest possible form of an EoS with
a first order phase transition, that of a bag EoS. The smallness of baryon entropy ratio in
the early universe allows us to restrict ourselves to the case where the chemical potential
is very small, µ≪ T which means that we can determine the EoS by ignoring the effects
of chemical potential [54]. Let us start from the equation of state of matter in the quark
phase
ρq = 3aqT
4 + V (T ), pq = aqT
4 − V (T ), (22)
where aq = (π
2/90)gq with gq = gQ+(gb+
7
8gf) and gQ = 16+ (21/2)NF is the intrinsic
statistical weights for the quark-gloun plasma and gb, gf are the statistical weights of
bosons and fermions, respectively. At the epoch of the quark-hadron phase transition
photons (gb = 2), electrons (gf = 4), muons(gf = 4) and neutrinos (gf = 6) yield
gb + 7/8gf = 14.25. Here Nf is the number of relativistic quark flavors, two at lower
temperature corresponding to the u, d quarks and three at higher temperatures where
the strange quark becomes relativistic. One may then write NF = 2, gq = 51.25. The
self-interaction potential V (T ) is defined as [61]
V (T ) = B + γTT
2 − αTT 4, (23)
where B is the QCD vacuum energy or bag pressure constant. Results obtained in
low energy hadron spectroscopy, heavy ion collisions and phenomenological fits of light
hadron properties give B1/4 ∈ (100− 200)MeV , αT = 7π2/20 and γT = m2s/4 [62] with
ms being the mass of the strange quark, considered in the range ms ∈ (60− 200)MeV ).
In the case where the temperature effects are negligible, the equation of state in the
quark phase takes the form of the MIT bag model equation of state, pq =
ρq−4B
3 in the
hadron phase and we take the cosmological fluid with energy density ρh and pressure
ph as an ideal gas of massless pions and nucleons obeying Maxwell-Boltzmann statistics.
The equation of state can now be approximated by
ph(t) =
ρh(T )
3
= aπT
4, (24)
where aπ = (π
2/90)gh and gh = gH+(gb+
7
8gf ). Taking gH ≈ 3 as the intrinsic statistical
weights for the soup of hadrons, we have gh = 3 + 14.25 = 17.25. During quark-hadron
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phase transition the temperature is equal to the critical temperature Tc which is defined
by the condition pq(Tc) = ph(Tc), and is given by [54]
Tc =
√
γT +
√
γ2T + 4(aq + αT − aπ)B
2(aq + αT − aπ) . (25)
If we take ms = 200MeV and B
1/4 = 200MeV , the transition temperature is of the
order Tc = 125MeV . One should note that since the phase transition is assumed to be
of first order, all the physical quantities like energy density, pressure and entropy exhibit
discontinuities across the critical curve. Ignoring temperature effects in V (T ) and taking
αT = γT ≈ 0 in the above equation we obtain the well known relation between Tc and
B, that is B =
(gq−gh)π2T 4c
90 [54].
Now, two thermodynamic quantities are of importance in the study of the early
universe. The first is the enthalpy defined as W = U + pV where U = E is the total
energy flow through the apparent horizon which leads to W = 43 (ρ+ p)πr˜
3
A, from which
the heat capacity of the universe enveloped by the apparent horizon at constant pressure
can be obtained
Cp =
(
∂W
∂T
)
p
=
(
∂W
∂r˜A
∂r˜A
∂T
)
p
. (26)
The other thermodynamic quantity is the entropy, defined as S = V dpdT (chemical poten-
tial is zero). Since in the expanding universe the change of the horizon radius is positive
and that of the horizon temperature is negative we have ∂r˜A∂T < 0 thereupon Cp < 0
which points to the fact that the system (universe) is losing energy in the form of heat.
4. Dynamical consequences of deformed horava-lifshitz universe during quark-
hadron phase transition
Let us now study the phase transition described above. To this end we obtain the
physically important quantities in the quark-hadron phase transition in deformed HL
theory like the energy density ρ, temperature T and scale factor a. These parameters
are derived from the deformed Friedmann equation (20), conservation equation (5) and
equations of state (22), (23) and (24). We also focus attention on a spatially flat universe
for which k = 0.
For T > TC , before the phase transition, the universe is in pure quark phase and H
is obtained from the conservation equation (5)
H = − ρ˙
3(ρ+ p)
, (27)
where using the deformed Friedmann equation (21) we have
ρ˙ = −3(ρ+ p)
[
ω
(
−1 +
√
1 +
16πρ
3ω
)]1/2
. (28)
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Figure 1: The behavior of temperature of the quark fluid as a function of t for different values of ω;
ω = 106, dotted curve, ω = 5 × 106, short-dashed curve, ω = 107 long-dashed curve and ω = 2 × 107,
solid curve. We have taken B
1
4 = 200MeV .
Finally, substitution of equations of state of the quark matter (22) and self-interaction
potential term (23) leads to
dT
dt
= − 12aqT
4
(12aq − αq)T 3 + 2γTT
[
ω
(
−1 +
√
1 +
16πρ
3ω
(3aqT 4 + γTT 2 − αTT 4 +B)
)]1/2
.
(29)
Equation (29) may be solved numerically and the result is presented in figure 1 which
shows the behavior of temperature as a function of the time t in a deform HL world filled
with quark matter for different values of ω.
For T = TC , during the phase transition, the temperature and the pressure are
constant. In this case quantities like the entropy S = sa3 and enthalpy W = (ρ + p)a3
are conserved. For later convenience, following first reference in [54], we replace ρ(t) by
h(t), so that the volume fraction of matter in the hadron phase is given by
ρ(t) = ρH(t) + ρQ(1− h(t)) = ρQ(1 +mh(t)), (30)
where m = ρHρQ − 1. The beginning of the phase transition is characterized by h(tc) = 0
where tc is the time and ρ(tc) ≡ ρQ, while the end of the transition is characterized by
h(th) = 1 with th being the time signaling the end and corresponding to ρ(th) ≡ ρh. For
t > th the universe enters into the hadronic phase. For the phase transition temperature
of Tc = 125MeV we have ρQ = 5 × 109MeV 4 and ρH = 1.38× 109MeV 4, respectively.
For the same value of the temperature, the value of the pressure of the cosmological fluid
during the phase transition is pc = 4.6 × 108MeV 4. Now, substituting equation (30) in
equation (28) leads to
dh
dt
= −3(1 + rh(t))
r
[
ω
(
−1 +
√
1 +
16π
3ω
ρq(1 +mh(t))
)]1/2
, (31)
where r = (ρH − ρQ)/(ρQ + pc). Figure 2 shows variation of the hadron fraction h(t) as
a function of t for different values of ω.
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Figure 3: The behavior of T (t) in a hadron phase as a function of time t for different values of ω; ω = 106,
(dotted curve, ω = 5 × 106, short-dashed curve, ω = 107, long-dashed curve, ω = 2 × 107, solid curve.
We have taken Tc = 125MeV .
For T < TC , after the phase transition, the energy density of the pure hadronic matter
is in form of equation (24). Substituting this equation in (28) leads to the time variation
of temperature of the universe in the hadronic phase
dT
dt
= −T
[
ω
(
−1 +
√
1 +
16π
ω
aπT 4
)]1/2
. (32)
Variation of temperature of the hadronic fluid filled deformed HL universe as a function
of t for different values of ω is represented in figure 3.
5. Lattice QCD phase transition
The importance of the equation of state in the understanding of thermal properties of
any thermodynamic system is fundamental. One of the pivotal goals of non-pertubative
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studies of QCD on the lattice is the understanding of the bulk thermodynamics of QCD
[39]. Within the context of perturbation theory and the Hadronic Resonance Gas model
(HRG) and at high and low temperature the equation of state can be determined [55, 45].
However, in the transition region from the low temperature hadronic regime to the high
temperature quark gluon plasma, one has to rely on a genuine non-perturbative approach,
lattice regularized QCD, to study the non-perturbative properties of strongly interact-
ing matter. Lattice studies of bulk thermodynamics observables, pressure and energy
density, are given in terms of differences of dimension 4 operators. These differences
are particularly difficult to evaluate because both terms being subtracted contain the
pressure or energy density of the vacuum, an unphysical quantity that is approximately
1/(aT )4 larger than the sought-after difference. Thus Numerical signals rapidly decrease
with the fourth power of the lattice spacing, a, when one attempts to approach the con-
tinuum limit at a fixed temperature T . For this reason, improved actions will allow one
to perform calculations on rather coarse lattices with relatively small lattice discretiza-
tion errors. The early calculations of bulk thermodynamics with standard staggered and
Wilson fermion [63] discretization schemes have shown that at high temperature bulk,
thermodynamic observables are particularly sensitive to lattice discretization errors. In
order to minimize discretization errors at high temperature, improved staggered fermion
P4 and asqtad actions have been used to study the QCD equation of state [56].
Lets now discuss the EoS obtained in lattice QCD in the framework of the crossover
phase transition. In the first reference in [56], the authors have analyzed the hot QCD
collaboration data by two different improved staggered fermion action, P4 and asqtad,
together with physical s quark mass and the up and down quark with masses larger
than the physical mass msmu,d = 10, have determined a transition region in the range
T ∈ (185− 195)MeV . However, in [57] the authors, using staggered stout action which
take the up, down and strange quarks with the physical mass msmu,d = 28, have shown
that the transition region stays in the range T ∈ (150 − 170)MeV . Recent results for
different physical observables with EoS at Nt = 6, 8, 10 can be found in [58]. In this
work we use the EoS given by the HRG model in low temperature region together with
lattice QCD data in high temperature region which have been combined with a simple
parametrization [45]. The trace anomaly Θ(T ) = ρ−3p crucial in lattice determination of
the equation of state since in lattice QCD the calculation of the pressure, energy density
and entropy density usually done through the computation of the trace anomaly. The
pressure difference at temperatures T and Tlow can be expressed as the integral of the
trace anomaly
p(T )
T 4
− p(Tlow)
T 4low
=
∫ T
Tlow
dT ′
T ′5
(ρ− 3p). (33)
If the lower integration limit is taken to be sufficiently small, the pressure at this temper-
ature becomes an exponential suppression and can be neglected. This procedure is known
as the integral method [59]. The energy density then becomes ρ(T ) = Θ(T ) + 3p(T ).
Finite temperature lattice calculations are usually performed at fixed temporal extent
Nt and the temperature is varied by varying the lattice spacing a with T = 1/(Nta) .
Hence, the lattice spacing becomes smaller as the temperature increases and thus the
trace anomaly can be accurately calculated in the high temperature region. In conse-
quence, to construct a realistic equation of state we use the lattice data for the trace
anomaly in the high temperature region, T > 250MeV [45]. Lattices with asqtad and
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Table 1: The values of parameters for different fits to the trace anomaly [45].
d2(GeV ) d4(GeV
4) c1(GeV
n1) c2(GeV
n2) n1 n2 Tlow(MeV )
s95p 0.2660 2.403× 10−3 −2.809× 10−7 6.073× 10−23 10 30 183.8
s95n 0.2654 6.563× 10−3 −4.370× 10−5 5.774× 10−6 8 9 171.8
s90f 0.2495 1.355× 10−2 −3.237× 10−3 1.439× 10−14 5 18 170.0
P4 actions within the HRG model are in good agreement with lattice QCD data for
temperature region below 180MeV . Therefore, in the HRG model the trace anomaly
can be calculated with enough accuracy in the low temperature region, T ≤ 180MeV .
It can be shown that [56, 39] in the high temperature region the trace anomaly may be
parameterized by an inverse polynomial in the form
(ρ− 3p)
T 4
=
d2
T 2
+
d4
T 4
+
c1
T n1
+
c2
T n2
. (34)
This form does not have the right asymptotic behavior in the high temperature region
where we expect (ρ−3p)/T 4 = g4(T )1/ ln2(T/ΛQCD), but works well at the temperature
range of interest. The parametrization of the trace anomaly and therefore QCD equation
of state calculated using such requirements are labeled by s95p − v1, s95n − v1 and
s90f − v1, as shown in table 1. The labels “s95” and “s90” point to the fraction of the
ideal entropy density at T = 800MeV (95% and 90% respectively) whereas the labels p, n
and f point to a specific consideration of the peak of the trace anomaly and its matching
to the HRG. The values of the parameters Tlow, d2, d4, c1, c2, n1 and n2 in each case
are shown in table 1. Inserting equation (34) in equation (33) for high temperature, the
pressure and energy density are given by
p(T ) = −1
4
d4 − d2
2
T 2 + (αi + βi)T
4 − c1
n1
T 4−n1 − c2
n2
T 4−n2, (35)
ρ(T ) = 3(αi + βi)T
4 − 1
2
d2T
2 +
1
4
d4 +
c1
n1
(n1 − 3)T 4−n1 + c2
n2
(n2 − 3)T 4−n2, (36)
where i = 1, 2, 3 correspond to different parameterizations present in the above table, so
that
αi = −(1
4
d4 +
d2
2
T 2low +
c1
n1
T 4−n1low +
c2
n2
T 4−n2low ), βi = p0/T
4
0 , (37)
where αi refer to the value of integration in the lower limit. Next, by substituting (35)
and (36) in equation (28), the basic equation describing the change of temperature in
the high temperature region becomes
dT
dt
= −
(−d2T 2 + 4(αi + βi)T 4 + c1n1 (n1 − 4)T 4−n1 +
c2
n2
(n2 − 4)T 4−n2)
12(αi + βi)T 3 − d2T + c1n1 (n1 − 3)(4− n1)T 3−n1 +
c2
n2
(n2 − 3)(4− n2)T 3−n2
×
[
ω
(
−1 +
√
1 +
16π
3ω
ρ(T )
)]1/2
, (38)
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Figure 4: Variation of temperature in the high temperature region as a function of t for the first
parametrization corresponding to T0 = 170.0MeV . The behavior of temperature is shown for different
values of ω; ω = 106, dotted curve, ω = 5 × 106, short-dashed curve, ω = 107, long-dashed curve and
ω = 2× 107, solid curve
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Figure 5: Variation of temperature in the low temperature region as a function of t corresponding to
T0 = 183.8MeV . The behavior of temperature is shown for different values of ω; ω = 106, dotted curve,
ω = 5× 106, short-dashed curve, ω = 107, long-dashed curve and ω = 2× 107, solid curve.
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Figure 6: Comparison of the effective temperature in the high temperature region with the effective
temperature of quark-gluon plasma for ω = 106. The dashed curve shows the high temperature region
and the solid curve shows the quark phase.
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Figure 7: Comparison of effective temperature in the low temperature region with the effective temper-
ature of hadronic phase for ω = 106. The dashed curve shows the low temperature region and the solid
curve shows the hadronic phase.
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where ρ(T ) above refers to equation (36). Apart from lattice QCD there are other
approaches to the low temperature equation of state. In the context of the Hadronic
Resonance Gas model, the confinement phase of QCD is treated as a non-interacting gas
of fermions and bosons [44]. The HRG model gives a decent description of thermody-
namic quantities in the transition region. The HRG result for the trace anomaly can also
be parameterized by the simple form
(ρ− 3p)
T 4
= a1T + a2T
3 + a3T
4 + a4T
10, (39)
where a1 = 4.654GeV
−1, a2 = −879GeV −3, a3 = 8081GeV −4 and a4 = −7039000GeV−10.
Inserting this equation in equation (33) for the low temperature, the pressure and energy
density can be found
p(T ) = (α0 + β0)T
4 + a1T
5 +
1
3
a2T
7 +
1
4
a3T
8 +
1
10
a4T
14, (40)
ρ(T ) = 3(α0 + β0)T
4 + 4a1T
5 + 2a2T
7 +
7
4
a3T
8 +
13
10
a4T
14, (41)
with
α0 = −(a1Tlow+a2
3
T 3low+
a3
4
T 4low+
a4
10
T 10low) β0 = plow/T
4
low = 0.1661, Tlow = 0.07Gev.
(42)
In a similar fashion, substitution of the EoS equation (40) and (41) in equation (28)
yields the basic equation describing the change of temperature in the high temperature
region
dT
dt
= − (12α0 + 6β0)T
4 + 15a1T
5 + 7a2T
7 + 6a3T
8 + 65a4T
14
(12α0 + 4β0)T 3 + 20a1T 4 + 14a2T 6 + 14a3T 7 +
21
5 a4T
3
×
[
ω
(
−1 +
√
1 +
16π
3ω
ρ(T )
)]1/2
,
where ρ(T ) above refers to equation (41). Figure (5) shows such a variation of temper-
ature in the low temperature region. In addition, we have compared the effective tem-
perature of the first order phase transition with that of the cross-over, which is shown in
figures (6) and (7). As can be seen, the effective temperature of the lattice data which
correspond to a cross-over phase transition is higher than the effective temperature of a
first order phase transition.
6. Conclusions and remarks
In this work, we have discussed the quark-hadron phase transition in the context
of a deformed Horava-Lifshitz gravity scenario within an effective model of quantum
chromodynamics. By using the Friedmann equations based on entropic interpretation of
gravity proposed by Verlinde, we studied the evolution of the physical quantities relevant
to the physical description of the early universe; the energy density and temperature,
before, during, and after the phase transition. We find that for different values of ω,
phase transition occurs and the results show that increasing this parameter decreases
the effective temperature of the quark-gluon plasma and of the hadronic fluid, and also
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increases the hadronic fraction in the mixed phase. In the last section we have considered
the quark-hadron transition in the context of a smooth crossover regime at high (T >
250Mev) and low (T < 180Mev) temperatures. For both regions, we used the equation
of state obtained by the hot “QCD” collaboration. The results which are based on
lattice data for a parametrization of high temperature region and a parametrization
for low temperature region represent the same effect on the variation of temperature
similar to the quark-gluon plasma and hadronic phases. The generic behavior of the
temperature of the early universe in such a scenario is similar to that of a first order
phase transition, although the differences in the energy should be taken into account. As
mentioned above, the effective temperature of a first order phase transition is lower than
that of a cross-over since the temperature falls off faster in a first order phase transition.
Therefore, hadronization takes place more rapidly in a universe undergoing a first order
phase transition.
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